Introduction: Genes related to iron metabolism play an important role in inflammatory response. The objective of this study was to investigate the role of ferritin, transferrin receptors 1a and 1b, and transferrin genes in the response to blood parasite infection in common carp (Cyprinuscarpio L.). Material and Methods: Two genetically distinct carp groups were used: R3 carp, which are established as being sensitive to parasitic infection, and SA carp (Cyprinus carpio haematopterus) of wild origin. An established challenge model with Trypanoplasma borreli was applied. Challenged carp were sampled to determine their expression levels of transferrin receptors 1a and 1b, ferritin, and transferrin mRNA. Mortality and serum iron concentration were also measured. Results: The study revealed contrasting differences in the expression profiles of all key iron regulatory genes except the transferrin gene. In the case of other parameters, significant differences were also observed. Conclusion: Our results demonstrate that the level of parasitic infection depends on the blood iron status. This parameter was related to the origin of the fish.
Introduction
Iron is essential to the growth and survival of most living organisms. It serves as a cofactor in many metabolic processes such as DNA replication, transcription, electron transport in mitochondria, and nucleotide synthesis. Moreover, iron plays a crucial role in immunity, as it is an essential nutrient for pathogenic microorganisms (17) . The liver is a key organ in iron metabolism, as it is the primary site of iron storage. Most proteins involved in iron homeostasis are synthesised in this organ.
During the last decade, the roles of ferritin (iron storage protein), transferrin (iron transporter protein), and transferrin receptor in the maintenance of iron homeostasis have been largely delineated (10) . It has been shown that ferritin expression in cells increases when iron concentration is high and decreases when the concentration lowers. In the first case, iron is deposited in the liver, and in the second case, iron is released into the bloodstream. In contrast, the synthesis of transferrin receptor mRNA is increased at low iron concentration, resulting in increased transferrin receptor synthesis and a corresponding increased iron uptake by the cell, and receptor synthesis is repressed at high iron concentration (1) . It was demonstrated that the transferrin mRNA level is also higher in iron deficiency conditions, which correlates with an increase in iron absorption.
The expression of these proteins is also altered during an attack of pathogens, indicating their participation in both iron metabolism and the inflammatory response. Mammalian ferritin and transferrin are considered to be acute phase proteins, and their concentration changes in the case of trauma, injury or infection. Ferritin concentration has been shown to increase by up to three times its initial concentration, which justifies its classification as an acute phase positive protein (24) . This stands in contrast to transferrin whose concentration may either decrease (9) or increase (21) .
Similarly to mammals, many fish show upregulation of transferrin expression following infection or treatment with stimulants. Researchers have reported this phenomenon in rainbow trout (Oncorhynchus mykiss, Walbaum) (2) and channel catfish (Ictalurus punctatus, Rafinesque) (20, 13 ). Transferrin downregulation is described for sea bass (Dicentrarchus labrax L.) (19) , roughskin sculpin (Trachidermus fasciatus, Heckel) (14) , and ayu (Plecoglossus altivelis, Temminck & Schlegel) (16) . Ferritin expression, by contrast, is usually upregulated as in Atlantic cod (Gadus morhua L.) (7), rock bream (Oplegnathusfasciatus, Temminck & Schlegel) (6), Asian seabass (Lates calcarifer, Bloch) (18) , and channel catfish (20) . Although transferrin receptor is not classified as an acute phase protein, its expression is altered during infection due to changes in the amount of iron in the body (1, 29) .
Common carp (Cyprinus carpio L.) is a widespread breeding species of high economic importance. Infectious diseases in carp aquaculture cause serious problem for farmers and lead to significant financial losses. In common carp, several genes involved in iron metabolism have been identified and changes in their activity during infection demonstrated. Jurecka et al. (11) obtained coding DNA sequences of different transferrin alleles and showed differential expression in healthy fish and fish infected with Trypanoplasma borreli (unpublished data). However, despite these studies, the available information about the interactions between pathogen, host, and iron metabolism in carp is limited. Likewise, the number of iron-related genes, and their mode of action have not been investigated.
The aim of the study was to analyse two commercially exploited carp groups of different genetic backgrounds that demonstrate different susceptibility to infections. We report an experimental infection of common carp with the blood parasite Trypanoplasma borreli which causes a slow infection development rate. During our experiments, we determined individual levels of parasitaemia. Serum and liver samples were collected, and the expression levels of key genes involved in iron metabolism were determined. These were transferrin receptors, transferrin, and ferritin. The influence of iron status and potential role of ironrelated genes during the infection in those carp groups are discussed.
Material and Methods
Two carp strains, R3 and SA, known for their differences in disease resistance, were selected to be challenged with Trypanoplasma borreli. After fish were infected, gene activity was analysed, and levels of serum iron were monitored.
Fish. The authors artificially reproduced individual mature carp (at the age of five years) from the Polish R3 strain and SA wild carp (of the Amur River, bordering Russia and China), which form part of the live gene bank of the Institute of Ichthyobiology and Aquaculture in Gołysz (5) . The fry were grown in a recirculation aquarium system according to standard procedures. Water parameters (temperature 22°C, ammonium 0.1-0.2 mg/L, oxygen saturation 6.0-7.0 mg/L, pH 7) were monitored daily to ensure consistency. At the age of 12 months and average weight of 100 ± 25 g, the fish were used for experiments.
Trypanoplasma borreli infection. Trypanoplasma borreli, initially cloned and characterised according to the procedure described by Steinhagen et al. (22) , were maintained by syringe passage through susceptible carp (R3xR8). Carp were anaesthetised with 0.2% propiscin (12) prior to intraperitoneal infection with 2.6 × 10 5 parasites per fish. In total, 130 R3 and 130 SA individuals were infected. Among them, 20 individuals in each carp strain were tagged with passive integrated transponder tags. Marked fish were used to trace the level of parasitaemia weekly. At each sampling point, 10 fish from each carp strain were euthanised with 0.2% propiscin in order to collect liver and blood samples. Approximately 5 µL of blood was collected into heparinised Eppendorf tubes and then diluted 1:40 with PBS. The number of parasites was counted using a Bürker counting chamber. The remaining blood was collected as described previously. Liver and serum samples were stored in RNAlater at −80°C. Each of these steps was repeated at weekly intervals, starting from the second and continuing until the sixth week post infection (p.i.). During the course of T. borreli infection, mortality in the challenged groups was recorded three times per day. Water parameters like temperature, oxygen saturation, ammonium nitrogen, and pH were monitored on a daily basis.
RNA isolation and cDNA synthesis. Total RNA was isolated from the liver of infected carp, using the SV Total RNA Isolation System (no. TM048, Promega, USA), according to the standard protocol. To obtain cDNA, a GoScript Reverse Transcriptase Kit (no. G2101, Promega, USA) was used. The amplification scheme was 5 min of annealing at 25°C, up to one hour of extension at 42°C, and 15 min of reverse transcriptase inactivation at 70°C.
Quantitative real-time PCR. Real-time PCR was conducted, using Maxima SYBR Green qPCR Master Mix2x (no. K0252, Thermo Scientific, USA) and fluorescent double-stranded DNA (dsDNA)-binding dye SYBR Green. All procedures were carried out in accordance with the kits' protocols. A volume of 5 µL of each cDNA sample was added to a reaction mix, containing 12.5 µL of GoTaq qPCR Master Mix 2x, 5.5 µL of nuclease-free H2O, and 1 µL (concentration 10 µM) of each primer, making a total volume of 25 µL per reaction. Each sample was prepared in duplicate. A non-template control was included for each set of primers. The following cycling profile was applied: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, 60°C for 1 min, and 72°C for 30 s, with the final holding stage at 60°C for 1 min. As a control, the 40 S ribosomal protein S11 gene was used. The comparative 2 -ΔΔCt method based on CT values (15) for transferrin (Tf), ferritin (Fer), and transferrin receptors 1a and 1b (TfR1a and TfR1b) was used to determine the expression levels. The primers used in qRT-PCR analysis are shown in Table 1 . Simultaneously with the measured samples, reagent blank and standard were prepared. The mixture was left for 5 min at room temperature, and then absorbance was measured. Next, a colour reagent containing Ferene S in an acetate buffer was added and mixed, using a shaker. After 10 min at room temperature, the second absorbance was measured. The intensity of the coloration measured was proportional to the quantity of iron present in the sample. All absorbance was measured at a wavelength of 593 nm, using a SpectraMax i3 multimode plate reader (Molecular Devices, USA). Serum iron was calculated using the equation: sample concentration = ((OD2−OD1 sample)/ (OD2−OD1 standard)) × n, where n = concentration of standard.
Statistical analysis. The non-parametric KruskalWallis test was applied to test differences in gene expression between infected and non-infected fish (control group, 5 fish per line). The same test was used for the differences between individuals of the two carp strains at each time point. Differences at P ≤ 0.05 were considered statistically significant. All analyses were performed, using MedCalc software (MedCalc 14.12.0, Belgium).
Results

Control groups are not shown in the Figs
Mortality. The first mortalities in the R3 strain were noted from week 2 p.i., with the last ones detected in week 3 p.i. (Fig. 1) . In the SA line, the death of a single individual in week 3 p.i. was recorded. By the end of experiment, i.e. after six weeks of observations, the overall survival rate was 75.4% for R3 and 99.2% for SA carp. In the control group, no mortality was noticed (not shown). Parasitaemia. Individuals from the R3 strain developed significantly higher parasitaemia than the SA carp. In addition, the R3 individuals showed two peaks of parasitaemia at weeks 2 and 5 p.i., while in SA, an increased parasite number occurred in week 2 p.i. only (Fig. 2) . Serum iron concentration. SA carp had an initial mean serum iron concentration almost three times higher than R3 fish (Fig.3) . The developing T. borreli infection induced a continuous decrease in serum iron value which was lowest at week 4 p.i. in R3 carp. SA carp showed a similar tendency, but it was not statistically significant. By weeks 5 and 6 p.i., a restoration of the serum iron pool was observed. There was no correlation between individual parasite counts and serum iron concentration in R3 and SA carp. Transferrin receptor 1a and 1b, transferrin, and ferritin expression during parasite infection. The same set of genes comprising TfR1a, TfR1b, transferrin, and ferritin were measured for their expression activity using a quantitative real-time PCR at weeks 2 and 3 post T. borreli infection.
TfR1a (Fig. 4A ) activity demonstrated opposite trends in the two challenged carp groups. Moderate and continuous upregulation in R3 carp was observed, while SA fish showed substantial downregulation. Differences between those carp lines were significant. The expression of TfR1b (Fig. 4B ) increased significantly at weeks 2 and 3 p.i. in SA carp and remained at the level of the control group in R3 carp. . Differences between the control group (not shown) and strains R3 and SA were considered significant for P ≤ 0.05 and marked with an asterisk. Differences between strains were considered significant for P ≤ 0.05 and marked with the asterisks Similarly to the TfR1a gene, the ferritin expression pattern (Fig. 4C) showed opposite trends in the two carp groups. SA carp showed a significant downregulation of ferritin at week 2 p.i. and then a restoration of its activity by week 3 p.i., whereas in R3 carp, an upregulation was noted in the same weeks p.i.
Fig. 4C. Ferritin expression in strain R3 (■) and SA (■) during
Trypanoplasma borreli infection. Values after log transformation are expressed as a fold change SD relative to 40S (n = 5). Differences between the control group (not shown) and strains R3 and SA were considered significant for P ≤ 0.05 and marked with an asterisk. Differences between strains were considered significant for P ≤ 0.05 in each time point and marked by a line In contrast to ferritin and TfR1a genes, the transferrin expression pattern was comparable in both challenged groups. Parasitaemia caused down regulation of transferrin at week 2 p.i., but this drop was compensated for in week 3 p.i. in both challenged groups (Fig. 4D) . Differences between the control group (not shown) and strains R3 and SA were considered significant for P ≤ 0.05 and marked with an asterisk. Differences between strains were considered significant for P ≤ 0.05 and marked with the asterisks
Discussion
In the challenge with T. borreli, quite different responses in the two strains of carp were observed. The wild SA carp turned out to be more resistant than R3 strain, displaying a very low parasitaemia level and an almost 100% rate of survival. We can conclude that SA individuals are resistant to T. borreli, and that R3 carp are moderately susceptible.
Our study revealed that in healthy individuals of the SA strain, the average iron level was three times higher than in R3 carp. Considering that from the beginning of the experiment, both strains were bred in the same recirculating system with an identical feeding scheme, the observed difference is hard to attribute to external factors. It has been reported that in Polish commercial common carp, serum iron concentration is 27.1 ± 5.6 mg kg -1 (4) , which corresponds to the levels found in the R3 healthy individuals of our study. The lowest values were recorded at week 4 p.i. when the mortality reached the highest level which it maintained in the R3 strain. We found that a reduction in amount of iron is not related to individual parasite load. This suggests that the number of T. borreli in the bloodstream does not have to be very high in order to activate the mechanisms of Fe storage in ferritin.
It has been reported that parasites have the ability to bind to transferrin and internalise it, where it is then degraded in lysosomes (23) . As a result, iron is obtained, and peptide fragments are released from trypanosomes. In both carp strains, we observed a similar pattern of transferrin expression, which indicates that Tf expression was regulated in the same manner in both strains, regardless of the pathogen load. Downregulation of transferrin expression in week 2 p.i. corresponded with the peak of parasitaemia. Probably, the host defence mechanism reduces the expression of transferrin and prevents iron acquisition from this protein. Interestingly, in week 3 p.i. we observed a significant upregulation of transferrin expression despite a decrease in serum iron concentration. Perhaps, transferrin mRNA is regulated at the protein level, or inflammation induces the formation of apo-Tf (iron-free transferrin). Ferritin also responds to parasite infection by increasing its expression in the R3 strain at weeks 2 and 3 p.i. This increase is consistent with serum iron decrease, making this element unavailable to the parasite. This is in accordance with previous findings for other species, where ferritin is upregulated upon inflammation: Neves et al. (19) reported overexpression of ferritin in sea bass liver during bacterial infection, whereas Feng et al. (7) showed ferritin upregulation in the spleen and head kidney in Atlantic cod after formalin-killed, atypical Aeromonas salmonicida stimulation. We also observed a correlation between ferritin and TfR1a, suggesting that the expression of these genes is linked: an increased expression of TfR1a allows for the efficient mobilisation of iron to the cells and the storage of iron in ferritin. What is more, TfR1a expression may increase upon overproduction of nitric oxide (NO), which is an inflammatory mediator. It has been reported that endogenously produced NO increases the activity of iron regulatory protein 1 (IRP1) which binds to iron responsive elements (IREs). IREs are located in the untranslated regions of the mRNA of transferrin receptor and ferritin, and the binding activity of IRP is regulated by the intracellular iron concentration (3). It has been reported that T. borreli activates NO production, which leads to extensive tissue nitration, but does not cause damage to the parasite (8, 28) . Interestingly, TfR1b expression remained constant. This suggests that the regulation of TfR1b expression is not susceptible to parasite infection.
Ferritin expression in the SA strain was significantly downregulated in weeks 2 and 3 p.i., the opposite case to that of the R3 strain. Probably, the expression of ferritin in this carp strain was not associated with iron storage but with the generation of reactive oxygen species, which enhances the immune response.
Interestingly, analysis of the expression of TfR1a in the SA strain showed that it was strongly downregulated in week 2 p.i. It has been found that the type I ('classical') response against a particular parasite activates the cytokines tumour necrosis factor-α (TNF-α) and γ-interferon (IFN-γ) early during infection (27) . It is also known that transferrin mRNA levels decrease following stimulation with IFN-γ (26). This could mean that IFN-γ not only reduces the expression of TfR1a, but also has no effect on TfR1b expression. Further investigation is required in order to properly analyse this phenomenon.
This report shows for the first time that an initial high level of iron in carp may prevent the growth of Trypanoplasma borreli. A similar conclusion has been made for mice infected with Leishmania major (25) which were overloaded with iron by injection. Further experiments in the field of iron levels and disease resistance in carp will be fundamental to understanding those mechanisms.
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